Bird beaks are textbook examples of ecological adaptation to diet, but their shapes are also controlled by genetic and developmental histories. To test the effects of these factors on the avian craniofacial skeleton, we conducted morphometric analyses on raptors, a polyphyletic group at the base of the landbird radiation. Despite common perception, we find that the beak is not an independently targeted module for selection. Instead, the beak and skull are highly integrated structures strongly regulated by size, with axes of shape change linked to the actions of recently identified regulatory genes. Together, size and integration account for almost 80% of the shape variation seen between different species to the exclusion of morphological dietary adaptation. Instead, birds of prey use size as a mechanism to modify their feeding ecology. The extent to which shape variation is confined to a few major axes may provide an advantage in that it facilitates rapid morphological evolution via changes in body size, but may also make raptors especially vulnerable when selection pressures act against these axes. The phylogenetic position of raptors suggests that this constraint is prevalent in all landbirds and that breaking the developmental correspondence between beak and braincase may be the key novelty in classic passerine adaptive radiations.
Bird beaks are textbook examples of ecological adaptation to diet, but their shapes are also controlled by genetic and developmental histories. To test the effects of these factors on the avian craniofacial skeleton, we conducted morphometric analyses on raptors, a polyphyletic group at the base of the landbird radiation. Despite common perception, we find that the beak is not an independently targeted module for selection. Instead, the beak and skull are highly integrated structures strongly regulated by size, with axes of shape change linked to the actions of recently identified regulatory genes. Together, size and integration account for almost 80% of the shape variation seen between different species to the exclusion of morphological dietary adaptation. Instead, birds of prey use size as a mechanism to modify their feeding ecology. The extent to which shape variation is confined to a few major axes may provide an advantage in that it facilitates rapid morphological evolution via changes in body size, but may also make raptors especially vulnerable when selection pressures act against these axes. The phylogenetic position of raptors suggests that this constraint is prevalent in all landbirds and that breaking the developmental correspondence between beak and braincase may be the key novelty in classic passerine adaptive radiations.
geometric morphometrics | integration | allometry | birds | modularity T he avian beak offers a classic example of adaptation to feeding ecology, with beak morphology frequently considered to represent evolutionary adaptation to specialized trophic niches [e.g., Galápagos finches (1), Hawaiian honeycreepers (2) , and Madagascan vangas (3) ]. Despite this axiom, we lack quantitative data on the degree to which skull and beak morphology is influenced not only by feeding ecology, but also by other sources of variation or constraint (4) . Although the beak is often seen as the target of selection mechanisms closely allied to feeding ecology, such as prey type, feeding style, or beak use, evidence also suggests that beak morphology and variation may be constrained by a number of other factors, including evolutionary history (phylogeny) and development on the component parts of the entire skull. Breakthrough experiments in molecular genetics have shown that the mechanisms driving beak shape variation encompass modifications to the timing of expression of conserved developmental pathways (5-9), resulting in beak diversity described by a few relatively simple geometric transformations (10) . However, pleiotropic associations between different skull structures can also contribute to the shape of the avian beak (11) , and Sonic hedgehog signaling from the forebrain also relates to the spatial organization of, and changes to, face and beak shape (12) (13) (14) . Furthermore, assessments of bird skull phenotypic variation suggest that beak morphology may evolve cohesively with cranial morphology (15, 16) . Size is also an important consideration when assessing morphological variation. Larger animals generally have access to larger prey due to their increased gape and greater absolute muscular power, and size is further related to morphology via allometry, the tendency of traits to vary with size throughout a morphological structure. Allometry has been demonstrated to be a key contributing factor to craniofacial form across a range of mammalian (17, 18) and avian (15, 19) clades, and evolvability of body size is proposed to be a major evolutionary pathway in the avian stem (20) .
In this study, we quantified the role of adaptation versus constraint in avian craniofacial evolution. Using diurnal birds of prey ("raptors"), we quantified the degree to which morphological convergence in feeding ecology can be attributed to variation controlled by evolutionary allometry (size), phylogeny, and integration between the beak and braincase. Raptors are an ideal group to skull avian craniofacial evolution. They possess strong, hook-shaped beaks and powerful talons for holding and tearing flesh, are found in every habitat and continent except Antarctica (21) , and vary considerably in size, from 40-12,500 g (22) . Although traditionally considered to be monophyletic, recent molecular phylogenies (23) (24) (25) recognize that diurnal raptors comprise three nonsister families [Falconidae (falcons and caracaras), Cathartidae (New World vultures), and Accipitridae (the largest clade, including hawks, eagles, kites, harriers, buzzards, and Old World vultures)] and two further monotypic families for the osprey (Pandionidae, Pandion haliaeetus) and secretarybird (Sagittaridae, Sagittarius serpentarius). Despite some differences in the positions of Accipitridae and Falconidae between different topologies (25, 26) , raptor families are consistently recovered at the base of both major landbird clades, and a raptorial ancestor for the landbird radiation has been suggested (25) . Extensive morphological and dietary convergence is seen between raptor families [for instance, between scavenging Old and New World vultures (27) and the avivore sparrowhawks (e.g., Accipiter nisus) and falcons (e.g., Falco columbarius)] alongside the repeated evolution of recognizable ecomorphotypes (e.g., eagles
Significance
We show that beak and skull shapes in birds of prey ("raptors") are strongly coupled and largely controlled by size. This relationship means that, rather than being able to respond independently to natural selection, beak shapes are highly constrained to evolve in a particular way. The main aspects of shape variation seem to correspond with specific genes active during development. Because raptors are not each other's closest relatives, similar shape constraints may therefore have been present in the ancestors of all modern songbirds, including Darwin's finches, the classic example of explosive evolution in birds. If this hypothesis is true, then such classic examples may be unusual, needing first to break a genetic lock before their beaks could evolve new shapes. and kites) within the Accipitridae (28, 29) . Additionally, certain species, such as the snail kite (Rostrhamus sociabilis) and hookbilled kite (Chondrohierax uncinatus), show highly specialized, independently derived beak morphologies associated with their diet.
If selection pressures underpinning raptor beak shape are related to feeding ecology, we predict that distantly related birds of the same dietary groups should share similar shaped beaks and skulls, irrespective of phylogeny (i.e., evolutionary convergence). Using 3D shape analysis, we quantified how cranial shape variation is related to size (allometry) and tested the long-standing view that the beak and braincase act as independent modules, enabling birds to adapt their beaks independently to a variety of ecological roles.
Results
A 3D dataset of 22 landmarks and 40 semilandmarks collected from the skulls of 147 raptor species representing all major radiations ( Fig. S1 and Tables S1 and S2) was subjected to Procrustes superimposition and principal components analysis (PCA) to generate a morphospace of skull shape variation (Fig.  1 ). Accipitrids and falconids occupied similar space on principal component 1 (PC1) (59.8%; positive PC1 scores represent an elongation of the beak, flattening of the skull roof and rotation of the occipital from a ventral to a posterior orientation) (Movies S1 and S2), but separate on PC2 (11.5%; positive PC2 scores represent increased beak curvature with narrowed jugal width) (Movies S3 and S4). Permutation tests rejected the null hypothesis of no phylogenetic signal (P < 0.0001) in skull shape. Pairwise nonparametric multivariate analysis of variance (NPMANOVA) found significant differences in shape between the three main families (Bonferroni-corrected P = 0.0003). The two monotypic families, Pandionidae and Sagittaridae, plotted within the Falconidae and Accipitridae, respectively. Mapping of phylogeny over the morphospace to create a phylomorphospace revealed extensive criss-crossing of branches, yet three distinctive paralleltrending radiations stretched into sparsely populated morphospace at the positive end of PC1 (Fig. 1A) : the New World cathartid vultures and the two Old World vulture accipitrid (nonsister) subfamilies, Aegypiinae and Gypaetinae. We therefore uncovered an almost exclusive area of "vulture space" on PC1, with only two nonvulturine taxa falling on the very edge of this region.
Despite clustering of vultures, we found limited evidence for wholesale separation of groups on the basis of feeding ecology (Fig. 1C) . Carrion feeders were statistically distinct from all other ecological groups, except large vertebrate feeders, fish eaters, and generalists/omnivores (Table 1) , but avivores and insectivores (birds specializing in aerial prey capture) were the most distinct in the pairwise comparisons, being significantly different in seven of the eight possible pairings, but not distinct from each other. Contrary to our predictions, no dietary groups were significantly different from all of the others. Piscivores were the least distinctive, with only two significantly different pairings.
The observation that birds with long beaks and flat, narrow skulls (birds with positive PC1 values) are larger than birds with negative PC1 values was confirmed by a regression of shape data against centroid size; 47.5% of the variation in shape can be predicted from size (P < 0.0001), indicating a very strong allometric relationship between skull shape and size ( Fig. S2 A and  B) . The separation of vultures from other clades on PC1 therefore suggests that part of the dietary signal recovered from the morphospace is size-related (i.e., allometric), and that vultures' dietary adaptation is achieved by virtue of their increased size.
To assess the effect of allometric (size) signal in our dataset, we conducted a PCA on the residuals of the regression of shape data against centroid size (henceforth R_PC). R_PC1 almost halved the variation of PC1 to represent 32.9% of the variation, but R_PC2 increased to 16.3%. When the nonallometric shape was analyzed ( Fig. 1 B and D) , falconids and accipitrids were less distinctive but a strong phylogenetic signal was still present [P < 0.0001; significant pairwise NPMANOVAs between three main families (Bonferroni-corrected P = 0.0003)]. Little separation of ecologies was apparent in the regression residuals, and there was considerable resemblance between different dietary groups. Scavengers were the most statistically distinct from the other dietary groups (Table 2) , even though the two Old World vulture clades no longer radiated out to join the New World vultures in an exclusively vulturine area of morphospace.
When the landmark configurations were divided in subsets that separately outline the beak and the braincase, we found that braincase morphology was more conservative (less variable) than the beak (Fig. 2, Fig. S1 , and Table S1); however, both morphospaces again showed significant allometric and phylogenetic signal and weak ecological clustering (Tables S3-S6 ). Rather than acting as separate modules, we found that the beak and braincase were highly integrated structures, meaning that almost any change in beak morphology was associated with a correlated and predictable change in braincase morphology. Partial least squares (PLS) analysis of the beak and braincase subsets demonstrated this high degree of correlation (Fig. 2E) , with PLS1 representing 97.2% of the covariation (P < 0.001; correlation = 0.91; RV = 0.78). Strikingly, beak-braincase covariation remained even after removal of the allometric (via regression to centroid size) or phylogenetic signal (via phylogenetic independent contrasts) (30) , highlighting a conserved developmental constraint on avian craniofacial morphology [PLS1 represents 63.7% of the nonallometric covariation, P < 0.001, correlation = 0.79; RV = 0.48 (Fig. 2F) ; PLS1 represents 68.0% of the nonphylogenetic covariation, P < 0.001, correlation = 0.88 (Fig. 2G)] .
Shape variation associated with the original PLS1 matched the allometric trend of posterior rotation of the occipital and dorsoventral compression of the braincase with increased beak length. Using PLS and regression, we calculated the amount of integrated variation that was independent of allometry as 32.4%. Together, therefore, allometry (47.5%) and integration (32.4%) predicted 79.9% of the total shape variation. The remaining 20.1% still had a significant phylogenetic signal (P < 0.0001), but neither phylogeny nor diet formed clear groups in morphospace (Fig. 3) . Applying this same logic to the phylogenetic independent contrasts suggested that this integration was phylogenetically conserved: A large portion of the allometric variation was phylogenetically controlled (allometry predicted only 18.9% of the nonphylogenetic variation, instead of the 47.5% obtained earlier), but similar amounts of integration remained (27.6%).
Discussion
Beak shape is often viewed as the target for natural selection, independent of the rest of the skull (4, 31, 32) . Contrary to this belief, we find that, in raptors (a polyphyletic group at the base of the landbird radiation), beak and braincase morphology are tightly integrated. The beak cannot evolve as a morphologically independent module; changes to beak shape result in predictable changes to braincase morphology, and vice versa. Our findings challenge the long-standing notion of the avian beak as a discrete, adaptable structure. In fact, integration of the beak and braincase, coupled to a strong allometric signal, can explain nearly 80% of skull shape variation. Moreover, this pattern of predictable skull shape changes is shared by all of the families studied, pointing toward an underlying developmental control (33) and a deep, pervasive evolutionary origin for regulatory controls on bird beak shape. Our major axes of beak shape variation (long and narrow vs. short and wide) parallel changes to beak shape in finches linked to signaling molecules such as calmodulin (7) and bone morphogenetic protein 4 (BMP4) (6, 8) .
We find a strong relationship between skull shape and size, showing that size is an effective mechanism by which raptors may modify their feeding ecology. For example, niche partitioning and adaptation to certain diets, such as carrion or aerial prey capture, is achieved by changes to body size and subsequently skull size, with the resulting shape being constrained and defined by the nature of beak-braincase integration. However, at body masses above ∼3 kg, skull size and shape plateau (Fig. S2 B and C) , indicating a constraint on maximum head size. The analyses show that all vultures look alike despite their different ancestry. Although the vulture clades do not completely converge in shape, this clustering of nonsister taxa based on diet (after refs. 34 and 35) is strong evidence for "incomplete convergence" (36, 37) , as has been recognized in other animal groups (e.g., lizards) (38) . Taxa that capture aerial prey (insects and birds) are distinct from many other ecological groups, but no ecological grouping is significantly different from all others. A number of raptors are generalist opportunist predators and will vary their diets to reflect prey availability (21), thus perhaps limiting the extent to which the skull can afford to be morphologically specialized toward particular prey. Other behavioral factors, such as hunting strategy (e.g., sit-and-wait vs.
aerial pursuit), may also exert an influence on skull morphology. Birds have highly mobile skulls comprising multiple parts that are able to move during feeding, including a flexible region, or "hinge," separating the beak and braincase into two kinetic modules (32, 39, 40) . Despite generating beak movement, the adductor muscles never exert force directly on to the upper beak. Further research is therefore warranted to investigate whether biomechanical function is similarly integrated (41) and how the shape of the upper beak is affected by the skull musculature as it develops. Finally, the phenomena of "many-to-one" and "one-to-many" mapping between form and function mean that similarities in shape do not necessarily imply similarity in function (42) (43) (44) , further justifying the need for biomechanical analyses of avian skulls. Evolutionary history plays a significant role in dictating skull shape. Statistically the accipitrids, falconids, and cathartids are morphologically distinct, despite some overlap in morphospace. Further, a strong phylogenetic signal is observed in the beak, as well as in the braincase, despite the fact that the beak should intuitively be the target of intense selection pressure toward convergence due to its role in feeding. This result undoubtedly reflects the strong integration observed between the beak and braincase. The considerable crossing of clades over morphospace indicates low disparity of forms relative to the number of species (45) , indicating that raptors are thoroughly exploring a tightly constrained morphological space, through either extensive convergence or, alternatively, limited shape change from a basal morphological state.
The shape change associated with beak-cranium integration mirrors that of allometry although size alone does not explain this trend and phylogeny plays a key role. The trend for the face to elongate with allometry has also been noted in mammals (17) and is postulated to be related to heterochrony, an important factor in the evolution of birds from dinosaurs (46) and a demonstrated mode of generating diversity of beak forms in Darwin's finches (6, 9) . In mammals, it has been shown that integration constrains evolution along paths of least evolutionary resistance, meaning that heterochronic or allometric changes offer a simple mechanism by which evolution can act to produce high disparity (47, 48) . The fact that two nonsister clades of accipitrid vultures achieve a vulturine morphology solely by increasing skull size provides a new, nonmammalian example of this phenomenon. A consequence of this mechanism is that skull morphology is highly constrained. Interestingly, animals that demonstrate high levels of integration are less able to respond to shifting selective pressures because they are locked in to a particular dimension of variation (47, 49) : in this case, size. Consequently, raptors may be particularly vulnerable if changing environmental conditions result in an adaptive peak that they cannot reach by simply sliding along their allometric trajectory.
Our study was conducted across a polyphyletic group bracketing the base of the landbird radiation. Regardless of whether raptors occur at the base of two major radiations of monophyletic landbirds (25) or whether Accipitridae are found at the base of all landbirds, with Falconidae sister to the parrots and Passeriformes (26) , it raises the question of whether integration and allometric control on form is basal to landbirds or has been independently acquired in all raptorial groups from a modular plesiomorphic condition. Given that integration accounts for the same proportion of the variation in the original shape data as in the phylogenetically controlled dataset, we believe that beakbraincase integration as basal to the landbird radiation is the most parsimonious explanation. However, to confirm this hypothesis, more data are needed from other landbirds. Widespread beakbraincase integration has significant ramifications for the notion that bird beaks are independent agents of selection and adaptation and raises the possibility that release from this constraint is a necessary precursor to facilitate classic "textbook" avian adaptive radiations, such as finches, vangas, and Hawaiian honeycreepers.
Materials and Methods
Fourteen landmarks were collected from the midline and left-hand side of the beaks and braincases of 147 raptor species, representing all of the major radiations ( Fig. S1 and Tables S1 and S2), using a MicroScribe G2LX digitizer (Revware Systems, Inc.). These landmarks were then reflected along the midline landmarks and realigned using FileConverter (www.flywings.org.uk/ fileConverter_page.htm) to give 22 landmarks in total. Surfaces of the same specimens were obtained using a NextEngine laser scanner and MultiDrive running ScanStudio HD Pro 1.3.2 (NextEngine, Inc.) or with digital photogrammetry (Photoscan 0.9.0; AgiSoft) and were used to place landmarks along the dorsal margins of the beak and braincase, and bilaterally on the tomial edges of the beak in HyperMesh 11.0 (Altair Engineering Inc.). Landmarks were then resampled (resample.exe; life.bio.sunysb.edu/morph/ soft-utility.html) to give 10 equally spaced semilandmarks along each curve. Specimens without a keratinous rhamphotheca were selected because this preparation is most commonly found in museum collections. All data were collected during a single visit to the Smithsonian Institution National Museum of Natural History.
The 62 landmarks and semilandmarks were collated for each specimen, and the semilandmarks were slid to minimize bending energy in the Geomorph package for R (43) . The slid configurations for all birds were then imported to MorphoJ (44) and subjected to a Procrustes superimposition. Principle components analysis (PCA) was used to explore shape variation within the sample. The skull of a common buzzard (Buteo buteo) was CT scanned (0.0581 mm resolution, 95 kV, 60 μA, X-Tek HMX 160 μCT system; University of Hull), and the bones were segmented in Avizo (version 7.0; Visualization Science Group). The resulting surface was landmarked in Avizo and used to create warps of the maximum and minimum PC scores in all morphospaces using the plotRefToTarget function in Geomorph based on the PC scores from MorphoJ. Significant morphological differences were assessed by Euclidean NPMANOVA to the principal component (PC) scores across all PCs (PAST 2.17) (45) between the three largest families. Pandionidae and Sagittaridae were excluded from these analyses because each had only one representative, invalidating the sample size criteria of the statistical tests (Table S1 ). Each species was also assigned to 1 of 10 dietary categories based on their preferred prey as determined from ref. 21 (Table S2) . NPMANOVA was performed using these groupings to determine significant morphological differences between birds with different dietary preferences ( Table 1) . Birds of unknown dietary preference were excluded from these analyses.
A maximum clade credibility tree of the species in the analysis was constructed from a set of 1,000 molecular trees (ref. 24 and birdtree.org/) using the TreeAnnotator package in BEAST 2.1.2 (ref. 46 and Fig. S3 ). This phylogeny was mapped on to the PC scores in MorphoJ using unweighted square-change parsimony (47) , and a permutation test for phylogenetic signal was performed over 10,000 iterations. The Phytools package in R (48) was used to generate a phylomorphospace based on the PC scores from MorphoJ.
After noticing that position on PC1 seemed to be correlated with size, the symmetric component of shape variation was regressed in MorphoJ on to the centroid sizes of the specimens (Fig. S2A ) and on to an estimate of body mass (Fig. S2B ) taken from ref. 22 . Body mass estimates were not available for some species (Table S2) , so these species were excluded from the regression to body mass. Significance was assessed over 10,000 permutations (P < 0.0001) in both regressions. To assess the effects of size-related variation in shape (allometry) on our results, all analyses were repeated on the residuals of the regression to centroid size. NPMANOVA results for dietary differences are shown in Table 2 .
The landmark configuration was separated into two subsets (blocks) representing the beak and braincase (Fig. S1) , and morphospaces were generated for each block independently (Fig. 2 A-D) . The degree of covariation between the two blocks was assessed over 250 permutations using two-block within-configuration partial least squares (PLS) analysis in MorphoJ (Fig. 2E) . This analysis was also repeated on the regression residuals to see how the two blocks covaried in the absence of allometry (Fig. 2F) . NPMANOVA of the PC scores of both the beak and the braincase individually gave similar results to the whole skull (Tables S3-S6) .
Phylogenetic independent contrasts (PICs) (29) were calculated in MorphoJ to remove the aspects of shape associated with relatedness. The PLS analysis was repeated on the PICs to assess whether covariation was associated with phylogenetic structure (Fig. 2G) .
Partial least squares evaluates only the amount of covariation, but it does not make any assessment of the amount of overall variation explained by the covariation. To determine how much of the nonallometric shape (the residuals from the regression of the original shape data to centroid size) was explained by the covariation between the braincase and the beak, we first regressed the PLS1 scores of the nonallometric data (which explained 63.7% of the covariation) of block 1 against the nonallometric PLS1 block 2 to obtain an eigenvector for the nonallometric PLS1. The predication of this regression was then itself regressed against the nonallometric shape to give the nonallometric, nonintegrated shape data (representing 32.4% of the overall variation) presented in Fig. 3 . This same method was applied to the PICs to assess the degree to which these relationships were affected by relatedness.
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